Observational studies show that the global deuterium-to-hydrogen ratio (D/H) in the local interstellar medium (ISM) is about 90% of the primordial ratio predicted by big bang nucleosynthesis. The high (D/H) ISM implies that only a small fraction of interstellar gas has been processed through stars, which destroy any deuterium they are born with. Using analytic arguments for one-zone chemical evolution models that include accretion and outflow, I show that the deuterium abundance is tightly coupled to the abundance of core collapse supernova (CCSN) elements such as oxygen. These models predict that the ratio of the ISM deuterium abundance to the primordial abundance is . This approximation is accurate for a wide range of parameter values, and physical arguments suggest that it should remain accurate for more complex chemical evolution models, making the deuterium abundance a robust prediction of almost any model that reproduces the observed ISM metallicity. The good agreement with the upper range of observed (D/H) ISM values supports the long-standing suggestion that sightline-to-sightline variations of deuterium are a consequence of dust depletion, rather than a low global (D/H) ISM enhanced by localized accretion of primordial composition gas. This agreement limits deviations from conventional yield and recycling values, and it implies that Galactic outflows eject ISM hydrogen as efficiently as they eject CCSN metals.
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INTRODUCTION
Most of the atoms of our everyday world were once inside a star. As astronomers, we are accustomed to explaining this remarkable fact in our undergraduate classes and popular lectures. Most atoms in the local interstellar medium (ISM), by contrast, were never inside a star. We know this because the deuterium-to-hydrogen ((D/H)) ratio measured from absorption lines through the ISM approaches 90% of the primordial (D/H) ratio (Linsky et al. 2006) , and stars destroy 100% of the deuterium they are born with.
2 Everyday objects are of course biased towards heavy elements, but even so, this stark difference between the history of atoms on earth and those in the ISM may seem surprising at first glance.
In fact, as discussed in some detail by Tosi et al. (1998) , Romano et al. (2006) , and Steigman et al. (2007) , chemical evolution models that reproduce other aspects of the local stellar and ISM abundances typically give good agreement with the observed ISM (D/H). In this paper I argue that the (D/H) ratio should be closely tied to the ISM oxygen abundance, and that for roughly solar oxygen abundance the (D/H) ratio should be 85-90% of its primordial value. This conclusion is consistent with previous findings about ISM deuterium and implies that they are robust to details of the assumed chemical evolu-tion model. My analysis makes use of an analytic formalism for chemical evolution presented by Weinberg, Andrews, & Freudenburg (2016, hereafter WAF) . Because this paper focuses on oxygen as a metallicity tracer, it avoids the more complicated aspects of the WAF formalism that are connected to SNIa elements. The modeling approach can be seen as a generalization of the one originally introduced by Larson (1972) .
The (D/H) ratio measured from UV absorption spectroscopy shows large variations from sightline to sightline through the local ISM (Linsky et al. 2006 ). This variation most likely reflects variable depletion onto dust grains (Draine 2006; Linsky et al. 2006 ), a point I return to in §3. Linsky et al. (2006) estimate a global (D/H) in the ISM of (2.31 ± 0.24) × 10 −5 , which is (90 ± 10)% of the value (2.58 ± 0.13) × 10 −5 predicted by big bang nucleosynthesis (BBN) for the baryon density implied by cosmic microwave background observations (Cyburt et al. 2016 ; see also Nollett & Steigman 2014; Coc et al. 2015) .
Before proceeding to a more careful derivation, it is worth giving an order-of-magnitude argument that explains this result. For a Kroupa (2001) initial mass function (IMF) truncated at 0.1 and 100M , and the supernova yields of Chieffi & Limongi (2004) and Limongi & Chieffi (2006) , core collapse supernovae produce an average of 1.5M of oxygen for every 100M of star formation (WAF; B. Andrews et al., in prep.) . For the same initial mass of stars, the total mass of gas returned from SN ejecta and the envelopes of AGB stars is 40M after 2 Gyr and 45M after 10 Gyr. If the ISM consisted entirely of material that had been through stars, then the predicted oxygen abundance would be approximately 1.5M /45M = 3.3% by mass. Using the photospheric scale of Lodders (2003) , the solar oxygen abundance is 0.56% by mass, about 1/6 of this value. Therefore, if the ISM oxygen abundance is approximately solar, the material returned from stars must have been diluted by five times as much unprocessed gas. The analysis in the next section treats inflow and outflow more explicitly and leads to the same conclusion.
EVOLUTION OF [O/H] AND (D/H)
The WAF formalism applies to a one-zone model in which stars form from a reservoir of gas that is fully mixed at all times. The star formation rate isṀ * (t) = M g (t)/τ * where M g (t) is the gas mass at time t and the star formation efficiency (SFE) timescale τ * is assumed constant in time to allow analytic solutions. For this paper I adopt an exponential star formation history (SFH), M * (t) =Ṁ * ,0 e −t/τ sfh , which approaches a constant star formation rate (SFR) in the limit of long τ sfh . Star formation is assumed to drive outflows with a constant massloading factor η =Ṁ out /Ṁ * .
Oxygen
In the instantaneous recycling approximation, the evolution equation for the total mass of oxygen in the ISM isṀ
where Z O (t) is the current ISM oxygen abundance by mass. The first term represents enrichment by core collapse supernovae (CCSNe) with an IMF-averaged yield of m .015 based on the IMF and yield assumptions described in §1. The second term represents depletion of oxygen already in the ISM into stars. The third term represents depletion by outflow, with mass-loading factor η. Producing solar abundances at late times requires η ≈ 2.5 (WAF). The fourth term represents recycling of the oxygen stars were originally born with, where r is the fraction of mass formed into stars that is returned to the ISM by supernovae and by the winds of evolved stars. For a Kroupa (2001) IMF the recycled fraction is r(t) = 0.37, 0.40, and 0.45 after 1, 2, and 10 Gyr, respectively. The approximation in equation (1) treats this recycling as instantaneous with a single effective value of r, and WAF show that for r = 0.4 this approximation reproduces numerical results with full time-dependent recycling quite accurately.
The gas mass in the ISM is depleted by star formation and outflow and replenished by recycling and infall, with time derivativė
In the absence of accretion, star formation and outflow withṀ * (t) = M g (t)/τ * would deplete the gas supply on an e-folding timescale
More generally, the infall rateṀ inf (t) is determined implicitly by the adopted SFE timescale and star formation history. For constant τ * one can setṀ g = τ * M * , and with an exponential SFH yieldingM * = −Ṁ * /τ sfh one obtainsṀ
I assume below that infalling gas has primordial composition, i.e., no oxygen and the BBN value of (D/H).
For an exponential SFH, equation (1) can be rewritteṅ
One can apply a standard solution method for this type of differential equation,
where µ(t) = e t/τ dep , f (t) is the driving term on the r.h.s. of equation (5), and an arbitrary integration constant has been set to zero to satisfy the boundary condition
where I have introduced the notation
for a "harmonic difference timescale" composed of the gas depletion and SFH timescales. (In WAF, where there are several such timescales, this particular quantity is denotedτ [dep,sfh] .) To get the oxygen abundance, one divides M O (t) by M g (t) = τ * Ṁ * (t), and with the notation (8) one can express the result as
Here Z O,eq is the "equilibrium" oxygen abundance approached at times t τ :
Once the ISM reaches this equilibrium abundance, enrichment from further star formation is balanced by dilution from infall and depletion by star formation and outflow.
2.2. Deuterium The deuterium mass in the ISM changes because of accretion, which brings in gas at the primordial deuterium abundance, and because of star formation and outflows, which consume gas at the current ISM abundance. The evolution equation 3 iṡ In contrast to oxygen evolution, there is no recycling term because any deuterium that enters a star is destroyed before being returned to the ISM. Using (4) for the infall rate with an exponential SFH yieldṡ
(12) This equation can be solved by the same technique used previously for oxygen, with the boundary condition that
After some manipulation, the result can be expressed in the form
with the constant
where Z O,eq is the equilibrium oxygen abundance of equation (10). For r = 0, equation (13) yields
at all times, which is as expected because in this case all hydrogen in the ISM is primordial by definition. The solution (13) can be verfied by direct substitution into equation (12), noting that the r.h.s. of (12) can be writ-
However, once t becomes large compared to either τ * /r orτ , then Y D approaches an equilibrium value
Continuing infall leads to an equilibrium in which the loss of deuterium to star formation and outflow is balanced by accretion of primordial composition gas. Figure 1 plots the evolution of the oxygen and deuterium abundances for a variety of parameter choices. The solid black curves shows a case with an SFE timescale τ * = 2 Gyr typical of that found for molecular gas in star-forming galaxies (Leroy et al. 2008 ), a slowly declining star formation history with τ sfh = 6 Gyr, and a mass-loading parameter η = 2.5 chosen to yield Z O,eq near solar. With a depletion timescale of 0.65 Gyr (eq. 3), the oxygen abundance rises quickly to its equilibrium value, and deuterium declines to the corresponding equilibrium within 2 Gyr. The solid green curves have τ sfh = 2 Gyr, which raises Z O,eq because of the more rapidly declining gas supply. The equilibrium deuterium abundance is correspondingly lower. Magenta solid curves show a model with much lower star formation efficiency, τ * = 8 Gyr. Here the approach to equilibrium is much slower, though both oxygen and deuterium are nearly constant after t = 10 Gyr.
Evolutionary Tracks
Dotted curves show the same cases but with a lower mass-loading factor η = 1.0. Here the equilibrium oxygen abundances are higher because more of the metals produced by stars are retained, and the equilibrium deuterium abundances are lower because a larger fraction of the ISM consists of stellar ejecta. The lower outflow rate 
and the deuterium abundance (bottom, scaled to the primordial value) for a selection of one-zone models. Solid curves represent models with outflow mass loading factor η = 2.5, while dotted curves adopt a lower η = 1.0 that leads to super-solar oxygen abundance. Black curves show a typical SFE timescale (τ * = 2 Gyr) and slowly declining SFH (τ sfh = 6 Gyr). Green curves show the same SFE but a rapidly falling SFH (τ sfh = 2 Gyr). Magenta curves show a model with inefficient star formation (τ * = 8 Gyr) and slowly declining SFH (τ sfh = 6 Gyr).
also lengthens the gas depletion time, and for τ * = 8 Gyr the abundances have not yet reached their equilibrium values by t = 12.5 Gyr. (15), equilibrium? The mathematical answer is not obvious, but the ansatz of equation (16) is closely connected to the approximate argument given in the introduction. Suppose that the ISM consisted of a mix of primordial gas, with zero oxygen abundance, and gas that had been through stars precisely once, with oxygen abundance m 
which is equal to equation (16) (16) appears to be rooted in fairly basic accounting, and it becomes exact in the limit of equilibrium.
Metal-Enriched Winds
Equation (1) implicitly assumes that the gas ejected in winds has the current ISM abundance Z O (t). If winds are driven by energy or momentum input from supernovae and massive stars, then it is possible that the metallicity of ejected material is higher than that of the ambient ISM. In the extreme limit, CCSN ejecta could escape from the galaxy without entraining ISM gas at all. The relation between ISM oxygen and deuterium abundances can set constraints on the degree of metal-enhancement in winds.
If the metallicity (specifically, the oxygen abundance) of ejected material is higher than that of ambient ISM gas by a factor
then the third term on the r.h.s. of equation (1) is multiplied by ξ enh while other terms are unchanged. The solution for oxygen evolution is the same as before except that η is replaced by ηξ enh , the effective mass-loading factor for oxygen ejection, in both the equilibrium abundance (eq. 10) and the depletion timescale (eq. 3). Thus, for ξ enh > 1 and a given η, oxygen evolves to a lower equilibrium abundance and reaches that equilibrium more quickly. Deuterium evolution depends on the overall mass outflow rate, independent of ξ enh , so equation (13) and the first equality of equation (14) are unchanged. However, metal-enhanced winds alter the relation between the equilibrium deuterium and oxygen abundances to
where Z O,eq represents the equilibrium oxygen abundance in the metal-enhanced case and
For ξ enh > 1, the deuterium abundance at a given oxygen abundance is lower. Physically, this lower Y D,eq arises because the mass loading factor η required to produce the specified oxygen abundance is lower, and lower outflow implies correspondingly lower accretion at fixed SFR. Reduced accretion in turn implies that a larger fraction of the ISM consists of recycled stellar material, depleted in deuterium. Figure 3 illustrates the magnitude of this effect, where I have adopted τ * = 2.0 Gyr and τ sfh = 6.0 Gyr. For each value of ξ enh , the value of η is chosen to yield a solar equilibrium abundance (solid curve) or [O/H] eq = −0.2 (dotted curve) or +0.1 (dashed curve). The equilibrium deuterium abundance decreases with increasing ξ enh , as implied by equation (19). For example, achieving solar oxygen abundance in the standard case of Z wind = Z ISM requires η = 2.4, with an equilibrium Y D,eq /Y P D = 0.87. However, with a metal-enhancement factor ξ enh = 2, the required value of η is 1.2, and the implied Y D,eq /Y P D = 0.79. Unfortunately, dust depletion uncertainties make precise determinations of (D/H) ISM challenging, but this value is probably at the lower limit of the acceptable range from Linsky et al. (2006) . Metal enhancement with ξ enh ≥ 3, implying Y D,eq /Y P D ≤ 0.73, would be difficult to reconcile with the observed deuterium abundance. There is no obvious physical mechanism for producing metaldepleted outflows (ξ enh < 1), but if they occurred they would lead to higher Y D at a given [O/H].
IMPLICATIONS
The results in §2 agree with those of more sophisticated models of galactic chemical evolution (GCE), which generally yield ISM deuterium abundances only moderately below the primordial abundance when they are tuned to reproduce observations of the solar neighborhood (e.g., Tosi et al. 1998; Romano et al. 2006; Steigman et al. 2007; Lagarde et al. 2012 ). The simplicity of the arguments leading to equations (15) and (16) implies that this behavior should be robust to details of the GCE model, and it shows that the most important assumptions are likely those that affect the oxygen yield m cc O and the recycling fraction r. A mixture of gas from zones that individually obey equation (16) will also follow equation (16) 
1 (allowing a linear Taylor expansion) and the level of deuterium depletion is therefore small in each zone. However, a mixture of high-metallicity, heavily depleted gas with low-metallicity, low depletion gas would initially lie above this locus (high deuterium abundance relative to [O/H]), then return to it as further star formation drove the system toward equilibrium. It would be interesting to test the accuracy of equation (16) in more sophisticated GCE models that incorporate ingredients such as radial gas flows, time-variable star formation efficiency and outflow efficiency, and more complex star formation histories.
The close links predicted between oxygen and deuterium abundances strengthen arguments (Draine 2006; Linsky et al. 2006; Steigman et al. 2007 ) that sightlineto-sightline variations of (D/H) absorption are caused by depletion of deuterium onto dust, as originally proposed by Jura (1982) . This explanation requires a large fraction of the available sites on polycyclic aromatic hydrocarbon (PAH) molecules to be occupied by deuterium rather than hydrogen, but the energy differences associated with the heavier deuterium nucleus permit this preferential outcome in the cool ISM, and reaction rates appear high enough to achieve it (Draine 2006) . Producing factor-of-two variations in (D/H) by differential astration, on the other hand, would induce enormous variations in (O/H), since it would require a much larger fraction of the ISM on low (D/H) sightlines to be comprised of stellar ejecta. The alternative of setting the mean ISM (D/H) to ∼ 1 − 1.5 × 10 −5 and producing high (D/H) by localized infall of primordial gas would require a major revision of oxygen yields to avoid overproducing oxygen. With our adopted m Many studies have used (D/H) in low metallicity, extragalactic Lyman-α absorption systems to estimate the primordial (D/H) ratio and thereby constrain the mean baryon density (e.g., Cooke et al. 2014 and references therein). The baryon density inferred from observations of the cosmic microwave background (Hinshaw et al. 2013; Planck Collaboration et al. 2015) agrees well with that inferred from (D/H) observations, an important cosmological consistency test that constrains non-standard BBN models (Cyburt et al. 2016; Nollett & Steigman 2015) . Equation (16) implies that evolutionary corrections to (D/H) should be small in systems with subsolar oxygen abundance, and there is no need to seek out ultra-low metallicity systems to eliminate these corrections. The primary reason to concentrate on low metallicity sightlines for cosmological (D/H) studies is to reduce uncertainties associated with dust depletion. Dvorkin et al. (2016) , using more sophisticated chemical evolution models based on cosmologically motivated infall rates, reach similar conclusions about the small impact of deuterium depletion in damped Lyman-α systems and the tight expected correlation between oxygen and deuterium abundance.
Like deuterium, 3 He is produced in BBN at fairly high abundance, ( 3 He/H) P ≈ 10 −5 (Cyburt et al. 2016) . In contrast to deuterium, 3 He can be produced in stars as well as destroyed (Iben 1967; Truran & Cameron 1971; Rood et al. 1976; Dearborn et al. 1996) , so even the sign of evolutionary corrections is not obvious without detailed modeling. The arguments presented here suggest that the magnitude of 3 He destruction should be small because most ISM gas has not been processed by stars at all. Observations indicate an ISM 3 He abundance that is not far from the BBN value (Gloeckler & Geiss 1996; Bania et al. 2002) . In concert with minimal destruction, this small amount of evolution implies that production of 3 He by stellar nucleosynthesis must be small. As discussed in detail by Lagarde et al. (2012) , this result is a challenge to conventional stellar evolution models but is well explained by models that incorporate thermohaline mixing.
The robustness of the (D/H) prediction to detailed assumptions implies that deuterium observations provide only limited constraints on GCE models; most models that produce solar [O/H] should predict (D/H) that matches current observations within their uncertainties. If dust depletion uncertainties can be controlled, then precise (D/H) measurements could provide a useful test of yield and recycling values, especially if deuterium can be mapped over a wide enough range of metallicity to demonstrate the behavior predicted by equation (16). As discussed in §2.4, this prediction is violated in models where outflows preferentially drive out CCSN ejecta while retaining the AGB ejecta returned over longer timescales. This scenario allows more return of deuterium-depleted hydrogen for a given amount of oxygen, so it predicts lower (D/H) as a function of [O/H] . The agreement of observed abundances with simple predictions disfavors metal-enhanced winds with ξ enh 2. Models in which radiation pressure ejects galactic dust with minimal gas entrainment (e.g., Aguirre et al. 2001) could also violate (D/H) constraints, though here one must take account of the potentially high fraction of deu-terium residing in ejected dust.
The analytic models presented here adopt the instantaneous recycling approximation, and models in which the SFR or outflow efficiency change rapidly compared to the ∼ 1 Gyr timescale of AGB recycling could lead to significantly different (D/H) predictions. For example, even with constant η and ξ enh = 1, a 100 Myr starburst could eject most of the oxygen produced by its supernovae while allowing deuterium-depleted gas to return from AGB envelopes after the burst has ended. Consistent with this picture, the models of Dvorkin et al. (2016) that incorporate extreme early star formation predict lower (D/H) than their smoother models. We leave numerical investigation of bursty models with continuous AGB recycling to future work.
The robust link between oxygen and deuterium abundances should also inform the lectures that we give to our introductory astronomy astronomy students. In the H 2 O molecules that make up 2/3 of our body mass, every oxygen atom was born in the nuclear furnace of a stellar interior. But the hydrogen atoms? 90% of them come straight from the big bang.
